Some experimental and theoretical comparisons have been made of the effectiveness of four techniques which have been commonly used for monochromatizing X-radiation for use in diffraction studies of liquids: monochromator crystals, curved or flat; fl-filter and pulse-height analyzer; balanced dual filters. The fl-filter/pulse-height analyzer system alone results in unacceptable error, at both low and high s(s=47r2 -I sin 0). Dual filters can be made quite effective, actually approaching the resolution possible with monochromator crystals.
The study of the structure of liquids and non-crystalline solids by X-ray diffraction involves the analysis of the scattering data to produce a radial distribution function by means of a Fourier transform. This transformation procedure is subject to a range of errors, both statistical and systematic. Statistical errors arise in the counting procedure and involve the error on each data point and lack of knowledge of the true experimental curve (due to sampling of a finite number of points). These errors must be minimized by appropriate counting procedures. Systematic errors can arise as a result of incomplete collimation or monochromatization of the radiation and must be minimized by the design of the experiment. This paper discusses the choice of monochromator techniques, and a subsequent paper will discuss the choice of collimation limits.
Any substantial deviation from the ideal of a monochromatic source would result in practice in diffracted data which would be the superposition of scattered radiation of different wavelengths. The strong wavelength dependence of absorption coefficients would make it very difficult to correct the observed scattered radiation to some reference wavelength, even if the distribution function of incident intensity vs. wavelength were known. In this respect the complications arise not only from the variation of effectiveness of absorption within the sample being studied but also within detectors, whether photographic film or the windows and crystals of detectors etc.
The requirements for reasonable monochromatic radiation are frequently much less stringent in crystalstructure analysis, for which the location of sharp lines is of prime importance and for which quantitative intensity measurement often takes on secondary significance. In actual practice, a white radiation source is sometimes deliberately used in crystal-structure analysis. This does not seem practical at the present time in the experimental study of amorphous solids or liquids, and there continues to be a premium on identifying effective monochromatization techniques that offer some reasonable balance between loss of intensity on one hand and adequate isolation of a narrow wavelength band on the other.
We have looked at several of the most commonly used techniques for arriving at approximately monochromatic radiation and report some of the results in this paper. First we use some experimental data on the spectra produced by the different techniques, together with experimental data of the intensity curve of fluid argon to arrive at an analytical estimate of the effectiveness of the several methods for a compressible fluid. Secondly, we present the results of a direct pragmatic comparison of the four different experimental arrangements on the actual observed diffraction pattern from liquid mercury.
Monochromator methods
Monochromatization of the X-ray beam is accomplished either by selective absorption of undesired spectral portions or by selective diffraction of the desired wavelength band. In the first category is the simple fl-filter, a foil of an element for which the K absorption-edge wavelength lies between the Kfl and Ka characteristic wavelengths of the X-ray spectrum used. The filter has an absorption coefficient which rises in proportion to the cube of the wavelength (p/O~ 23) to a peak just beyond 2(Kfl), drops discontinuously to about ~ that value just before the Ka wavelength, then rises proportional to 23 .
With the Ross balanced dual filter (Kirkpatrick, 1939) data are collected with a/?-filter in the beam and then the experiment is repeated with one change, the fl-filter is replaced by an a-filter. The a-filter is a foil with a K absorption edge at a wavelength just slightly larger than the Ka wavelength of the spectrum. The relative thicknesses of the two foils are chosen such that they are 'balanced' and yield the best accuracy of monochromatic intensity measurement (Soules, Gordon & Shaw, 1956 ). The integrated absorption of the spectrum at wavelengths below the K edge of the/3-filter and beyond the K edge of the a-filter is made as nearly the same as possible. Subtraction of the two readings leaves the net count produced by the K~ line and the narrow wavelength band of the continuous spectrum bounded by the K edges. Filters may be placed either before the sample in the primary beam or between the sample and detector in the diffracted beam, but if incoherent scattering or sample fluorescence are significant the different effects of primary vs. diffracted-beam filtering must be recognized.
The other category of monochromators utilizes selective Bragg reflection of a characteristic wavelength usually that of the K~ doublet, from an appropriate single crystal. The crystal may be flat, curved, or even doubly curved (International Tables for X-ray Crystallography, 1962) . The curved crystals permit the advantage of focusing geometry as do curved mirrors and gratings in optical spectroscopy. The crystal is chosen for the optimum combination of such properties as the spacing of the reflecting planes, intensity of reflection, diffracted-beam width, stability to radiation and atmosphere, and cost. For the crystal monochromators there is some advantage in positioning the crystal in the incident beam, thus minimizing problems of an angledependent selection of unwanted incoherent radiation by an analyzing crystal in the refracted beam.
With any of the monochromators it is usually advantageous to use a proportional or scintillation counter and electronic pulse-height analyzer (PHA) in the detector system to confine the recorded intensity to readings corresponding to the energies in the K~ region of the spectrum. However, the energy resolution of these detectors is not good enough to permit their use as direct monochromators.
Finally there should be mentioned the more recently available solid-state detectors (Bilaniuk, 1962) . The high resolution of these detectors [,~ 150 eV FWHM (Frankel & Aitken, 1970) and still being improved] allows them to be used as an accurate and very fast X-ray spectrometer. The potential of this counter in X-ray diffraction has not yet been fully explored, and to the authors knowledge, little structural work has been undertaken with them on liquids. However, in principle these detectors could be used in conjunction with a PHA without any other form of monochromatization.
Characterization of monochromator effectiveness
The theory relating scattering data to liquid structure requires that the scattering be known as a function of s. It will be seen that when the radiation is truly monochromatic the scattering parameter, s, is uniquely determined by the scattering angle 0, and a measurement at 0 is readily converted to scattering in s space. If the radiation is not monochromatic the conversion is very complicated.
It is evident that the monochromatization techniques furnish radiation with different degrees of monochromatization. The following analysis was used to discover the relative monochromatizing effectiveness of a/)'-filter, a dual filter, and the two crystal monochromators for molybdenum incident radiation.
For a non-absorbing scatterer the total scattering that would be experimentally observed at 0 can be calculated :
f (2) U(O) the total scattering that would be observed, per atom, 2Lo is the minimum wavelength in the experimentally measured spectra; f(2) =0 for ). < 2Lo.
2m is the maximum wavelength in the experimentally measured spectra; f(2) = 0 for 2 > 2m.
If one had a perfectly monochromatic source of wavelength 2", the normalized spectral distribution would be a delta function, and using equation (1) the experimentally observed intensity would be
Ie(O) = ~'HI 3().--).*)Ir(O,).)d)'=Ir(0,2*) •
(2) J),Lo The effectiveness of each of the four monochromatizing techniques could then be tested by calculating
lr(O) from each of the four experimentally measured spectra, and comparing each IE(O) with Ir(O,).*).
Whenever the incident X-rays are sufficientb, monochromated, the deviation between the scattering calculated from the spectrum of the incident beam and the scattering from a truly monochromatic source vanishes for all values of 0, i.e.
IE(O)-It(0'2*) --+ O . (3)

Ir(0,2 *)
The degree to which the deviation ratio of equation (3) differs from zero is a measure of the degree of monochromatization.
In order to test the effectiveness of the four techniques by this criterion, it is necessary to know Ir(O, 2*), and as an approximation to this curve an I(0) function measured in a liquid-argon experiment of Smelser (1969) is used. This data was taken using dual filters and it is later shown that such data is almost completely free from monochromatization distortion. I(0) from Smelser is depicted in Fig. 1 .
INSTRUMENTAL DISTORTION IN X-RAY DIFFRACTION STUDIES OF LIQUIDS. I
The spectra for the various monochromators were experimentally determined using a LiF analyzer at the axis of a Norelco wide-angle goniometer. The dualfilter spectra was measured for electronic pulse-height transmission of 99.5 % and the fl-filter spectra for 50 and 99"5 % pulse-height transmissions of the radiation passed by the filter(s). The dual filter and the fl-filter spectra at 99-5 % transmission are depicted in Fig. 2 , as the series of circles and the solid curve respectively. The insert in this figure is the net K~ doublet for the dual filter. Tables of spectra and geometric details and operating conditions can be found elsewhere (Smelser, 1969) .
The calculations indicated by equation (I) were carried out on the IBM 7094 computer with Simpson's rule integration. A test spectrum, a 0.004/~ wide step function, indicated that at least five significant figures were obtained by this procedure.
The calculated results are depicted in Fig. 3 . It will be seen from this figure that the dual filter and both crystal monochromators are adequate to within 0-2 % over the entire s range shown, whereas the fl-filter calculations indicate errors as large as 8 % for 50% transmission and 15% for 99.5% transmission, at low s.
In order to show the trend of the ,B-filter calculations for s greater than 4.3, it was necessary to extrapolate Smelser's data beyond 0=60 ° (s> 15A°-~). The data was extrapolated using
Zr(s)=Ae -Ss (4)
From data at 0 of 40 and 60 °, B was determined to be 0.115 and A was 106.4. In interpolation at 0=50 ° indicated a discrepancy of 2.5 %.
When the deviation ratio is calculated at s= 10 from equation (1), the portion of I(s) extrapolated [by equation (4)] is weighted by less than 10 % of the measured fl-filter spectrum,f(2). At lower values ors the fraction of the spectrum weighting the extrapolation is less. The extrapolation was not needed for s less than 4.3. Hence no significant errors are introduced into the calculation by the extrapolation procedure. In addition to the ripple error at low s, it is significant to note that the #-filter also introduces error at high s. It can be seen from this discussion that the fl-filter is not a suitable monochromator for quantitative intensity measurements on liquids.
The resolution of the dual filter combination will vary with the type of target used as A2, the difference in wavelength between the K absorption edges of the two filters, will vary with the dual filter combination in question. For Mo radiation the usual dual filter combination (Zr-Yt) has A21).K,~= 5.5 % and has been shown to give adequate monochromatization. The equivalent values for Cu Kc~ (Co-Ni), Ag K~ (Pd-Mo) and AgK~ (Rh-Ru) are 7.8%, 20.0% and 4.8% respectively. Whilst the Rh-Ru and Co-Ni dual filter combinations probably give adequate monochromatization, it is recommended that analytical estimates of effectiveness of monochromatization for Pd-Mo be made before undertaking measurements with this system. Similarly the resolution of solid-state detectors (SSD) will be a function of the target element and upper and lower limits set on the PHA. In view of the very good resolution of these detectors, it should be possible, with a suitable choice of discriminator levels, to achieve an overall monochromator effectiveness of the SSD-PHA combination at least as good as a dual filter combination. Because of the simplicity of operation (cf. dispersive analysis), and the gain in time compared to dual filters, these detectors are likely to be of increasing importance in diffraction work.
However, it would be worth while making analytical estimates of monochromator effectiveness as a function of discriminator levels before undertaking structural work on liquids or non-crystalline solids.
Experiment-mercury patterns
The X-ray diffraction pattern of liquid mercury, intensity vs. s, serves as a very convenient and simple calibration or test run. We used a free-surface mercury sample to obtain patterns with three different monochromators. The sample was mounted in fixed position in a vacuum chamber attached to a Norelco Wide Angle Goniometer which was itself aligned in the beam from a Rigaku-Denki RU3V X-ray generator. A conventional NaI(Th) scintillation counter mounted on the goniometer arm detected the scattered beam. Counts were taken by step scanning. The primary beam was defined by a 0.036 x 2 x 0.25" channel collimator. The angle between the collimated beam and the mercury surface determined the minimum 20 available. The camera was evacuated to ~ 10 -a Torr for all measurements. All the data were taken using a copper target X-ray tube operated at 55 kV and in all runs the same 0.006" receiving slit was used at the same radial distance from the goniometer axis.
The fl-filter run was taken with a 0.0007" nickel foil mounted in the incident beam with an electronic pulseheight transmission of 99.5 %. For the second run the foil was removed and a curved crystal monochromator with a LiF crystal was mounted on the goniometer arm and adjusted for Cu K selection. The third run was taken after removing the diffracted-beam monochromator and installing a Norelco crystal monochromator holder in front of the window in the X-ray tube housing. A gypsum crystal was set in the holder and adjusted to produce a bright isolated Cu Kdoublet. The relative intensities of the main peak were 13.9: 7.8:1 for the three runs respectively.
The liquid-mercury intensity curves are plotted in Fig. 4 with the gypsum curve scaled up to the order of magnitude of the others. The recent data of Rivlin, Waghorne & Williams (1966) , more rigorously taken, are reproduced for comparison. Comparison with the Rivlin data, particularly in the resolution of the broad peak at s~4"5A -1, supports the conclusion that either method of crystal monochromatization is satisfactory, for high atomic number samples at least, and that simple fl-filter data is unsatisfactory.
